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--)Several test programs have shown that the combustion of methanol in spark ignition engines can cause unusually high corrosive wear of the upper cylinder bore and ring areas. In this study, a 2.3-liter engine fueled with methanol was operated in a nitrogen-free atmosphere to determine the importance of nitric acid in the corrosion mechanism. A 20-hour steadystate test was carried out using neat methanol as the fuel and a mixture 0 of oxygen, argon, and carbon dioxide in place of air.
The intake and 
ABSTRACT (Cont'd)
exhaust gases were frequently analyzed to be sure their compositions were constant and free of nitrogen. Emission measurements showed only trace amounts (1 ppm) of NO" in the exhaust.
Analysis of the condensates from the exhaust and blow Ilso showed that only trace amounts of nitric acid were formed.
The test showed that the wear indicated by iron buildup in the lubricant was essentially the same in the nitrogen-free test as that detected in baseline engine tests combusting methanol-air mixtures. It was " concluded that nitric acid does not play a role in the corrosion of the upper cylinder bore and ring areas of methanol-fueled engines... 0 Increases in wear were also observed in the exhaust valve guides, cam followers and lobes, and bearing surfaces, but these were much less severe than the cylinder bore and ring wear. It appeared that they arose from abrasive attack by metal oxide particulates which originated from the corrosion pro-0 cess in the cylinder bore.
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Basically, three possible corrosion mechanisms have been proposed. Fuel impurities such as chlorine are known to cause corrosion in methanol-fueled 0 engines.(6) It has been suggested (7) that nitric acid plays an important role in the corrosion mechanism since oxides of nitrogen are formed by combustion. Recent detection of combustion intermediates in the residues formed when methanol pools are allowed to burn to extinction indicate that 0 formic acid and hydrogen peroxide cause the corrosion. The purpose of the present study was to determine the importance of nitric acid in the corrosion process.
II. BACKGROUND
Recently Ernst, et al. (7) compared the exhaust gas compositions of several test vehicles operating on neat methanol and gasoline. They found that * Underscored numbers in parentheses refer to the list of references at the end of this report.
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exhaust condensates from the methanol-fueled vehicles contained significantly higher concentrations of nitric acid than those vehicles fueled with unleaded gasoline. The pH of the exhaust condensates from the methanol-6 fueled vehicles reached levels as low as 1.75, while those from vehicles fueled with unleaded gasoline seldom fell below 2.5. Based on fleet test results, it was also found that the tendency toward wear was greatest in those methanol-fueled vehicles that produced the most acidic exhaust condensates.
Laboratory-scale engine testing at the U.S. Army Fuels and Lubricants Research Laboratory (AFLRL) showed that the wear rate was strongly dependent on the temperature of the oil and coolant.(2,4A Tests with both the 2.3-liter and the single-cylinder CLR engines showed that the wear rate increased dramatically as the temperatures of the oil and coolant were decreased.
The buildup of iron in the oil due to wear was highest at temperatures below the boiling point (65*C) of methanol; at temperatures above this level, the apparent wear rate became essentially equal to that for the same engine operating on unleaded gasoline. It was found that the buildup of iron in the oil at temperatures below 65*C was exponentially dependent on the temperature, that is, it had a dependence which could be expressed empirically as,
where c is a constant and b is a temperature coefficient.
The wear rate observed at temperatures below 65*C was also found to depend on the engine load. At low load (<1500 RPM, 16 N-m), the wear rate measured with methanol in the 2.3-liter engine was about the same as that for unleaded gasoline. However, at a higher load (2500 RPM, 70 N-m), the wear rate for methanol greatly increased while that for unleaded gasoline was essentially unchanged.
Changes in the nature of the charge such as fuel prevaporization reduced the wear to about 60 percent of that observed in tests with a conventional carburetor. Although this was considered to be a substantial improvement, the actual wear was still significantly ibove the baseline level for unleaded gasoline.
The temperature dependence suggested that liquid fuel was present on the cylinder wall. If so, corrosive combustion products could diffuse to the surface and dissolve in the liquid layer. This seemed plausible because a simple model (P) for the evaporation of a liquid layer gave a reasonable prediction of the temperature dependence that was found for the wear rate. The effect of load on wear may also be elucidated by the theory t' the formation of a liquid layer on the cylinder wall is a necessary step ., the corrosion mechanism. For sake of argument, assume that the fuel the combustion volume is totally vaporized. Since both manifold pressi and load increase correspondingly, the partial pressure of methanol in the combustion chamber at TDC must also increase. If the cylinder wall temperature as estimated from water jacket temperatures is not much above 50*C, condensation of methanol vapors on the cylinder wall is possible at high load but would not occur at the low load condition. It seems evident that any liquid fuel present on the cylinder wall would tend to evaporate prior to ignition at the low load condition; at high load, the fuel would stay on the wall until ignition and then burn off. During the burn off period, corrosive combustion products could dissolve in the liquid layer. This explains the fact that significant wear was also observed in tests where the methanol was totally vaporized before it entered the engine.
It is cogent to assume that the liquid layer was formed on the cylinder wall by condensation of methanol vapors.
Exhaust gas samples were taken from the 2. 
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well as the load.
The object was to determine the effects of fuel type and operating conditions on the formation of nitrogen oxides in the exhaust.
The results (2) in Table I show that methanol forms fewer total oxides of nitrogen in the exhaust than unleaded gasoline. Obviously, the total oxides of nitrogen increase sharply with increases in load and decrease when the temperatures of the oil and coolant are reduced. The subtle difference between methanol and unleaded gasoline is that the concentration of nitrogen dioxide in the exhaust is substantially higher for the former, and it increases quite dramatically as the oil and coolant temperatures decrease.
In comparing different engine operating conditions in Table 1 , it is clear that both nitrogen dioxide and the buildup of wear metals follow similar trends.
Since nitric acid is formed when nitrogen dioxide dissolves in water, one AS might conclude that it would be a favorable reactant in the corrosion pro-
cess.
It is important to note that the NO data presented in Table 1 are x based upon the exhaust gas analysis and cannot be used to ascertain the presence of NO 2 in the combustion chamber. However, the possibility of NO 2 formation in the combustion chamber by the oxidation of unscavenged NO as well as prompt NO cannot be ruled out. If a liquid fuel layer is, in fact, present on the cylinder wall, it is conceivable that NO 2 and water formed by combustion could diffuse to the liquid and dissolve.
,n determine the importance of nitric acid in the corrosion mechanism, a blowby diversion technique (1_O,j1) was used to collect a sample of the condensate from the cylinder. The pH of the blowby condensate was in the range of 3.5 to 4, which was not close to the 1.8 reported by Ernst, et al. U7
for their exhaust condensate. The results indicated that very little nitric acid was formed in the combustion chamber. However, it was argued that the acid in the blowby may have been neutralized by metal surfaces in the sampling system or possibly alkali additives in the oil.
It is important to note that the blowby condensate contained both oil and aqueous phases. The possibility of measuring the concentrations of the oxides of nitrogen 0 with a quick action gas-sampling valve designed to extract species from the cylinder wall boundary layer was considered, but temporarily ignored because of the ambiguities cited in the literature for such sampling techniques.(12, SPEC07.J 11
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The basic problem with that approach is that nitrogen dioxide can be formed by the oxidation of NO in the sampling line before an analysis can be made.
Recognizing the difficulties of detecting nitrogen dioxide and/or nitric acid in the combustion chamber, it was proposed that the least ambiguous aproach for determining the importance of nitric acid was to conduct a nitrogen-free engine test. By excluding nitrogen from the combustion gases, the high wear rate normally experienced with methanol would be significantly reduced if oxides of nitrogen are important.
III. APPROACH
The first problem in developing the experiment was the selection of a test engine that would provide measurable wear in a reasonable amount of time without consuming an inordinate amount of nitrogen-free oxidizer. It was also important that enough previous wear data were available on the engine so as to provide a good baseline for the nitrogen-free test. Both the Ford Pinto 2.3-liter four-cylinder and the single-cylinder CLR engines had sufficient test hours to satisfy the latter criteria, so the selection was based on the test duration and the amount of nitrogen-free gas required.
The 2.3-liter engine was finally selected for the experiment because the duration of a test with this engine was 20 hours as opposed to 100 hours if the single-cylinder CLR engine was used. Based on test duration, engine volume, and RPM, it was also found that the 2.3-liter engine would consume the least amount of nitrogen-free gas.
The problem of providing a nitrogen-free atmosphere for a period of 20 hours had not been considered before and thus required some planning and consulta- provides the same specific heat ratio, gamma -1.38, as air at room temperature. However, it is important to note that the gamma of that mixture will decrease relative to air at higher temperatures because the specific heat of carbon dioxide is more dependent on temperature than that of nitrogen. This reduces the adiabatic compression temperature, the adiabatic flame temperature, and the thermodynamic efficiency of the cycle. Since Herr, et al. did not report any difficulties in starting and maintaining load with their diesel engine, it was felt that the same mixture of oxygen, argon, and carbon dioxide would work adequately in the 2.3-liter spark ignition engine.
IV. TEST PROCEDURE
The gas supply system shown in Figure 2 was designed to deliver a blend con- During the 20-hour engine test, the inlet and exhaust gas streams were analyzed periodically at about 100-minute intervals. The analyses were used to detect possible leaks in the system and ensure that flow rates were correct. Table 2 shows the mean values and the standard deviations of the inlet and exhaust gas compositions. Note the inlet gas compositions add up to 99.98 percent, while the total for the exhaust gases is 95.07 percent. The discrepancy in the exhaust gas composition is attributed to the fact that the analysis did not include combustion products such as water, formaldehyde, and unburned methanol. No attempt was made to measure the concentrations of these compounds, because they condensed in the Tedlar ® bag.
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B. Fuel
The fuel used in this study was commercial technical grade methanol meeting
Although not well documented, it is well known (6) that trace amounts (>2 ppm) of chlorine can significantly accelerate engine wear in methanol-fueled engines. Tests at an automotive manufacturing company indicate that accelerated wear is not discernible until the chlorine content of the fuel exceeds 2 ppm. The methanol used in this work was analyzed for total chlo-SPECO7. J 16 ride, i.e., both inorganic and organic forms. The total chloride content determined by coulometry was 0.6 ppm. A second analysis using ion chromatography showed that the inorganic portion of the total chloride was 0.3
ppm. This chloride contamination is well below the deleterious level and 0
would not affect the results of the nitrogen-free engine test.
C. Exhaust Gas and Blowby Condensates
A portion of the exhaust was passed through an ice-cooled trap for approximately 14 hours of the test period. About 100 mL of an aqueous condensate was recovered from the trap. The blowby gases issuing from a port in the crankcase of the engine passed through a similar trap for the full duration of the test. The blowby condensate consisted of a highly viscous milky emulsion of oil, water, and combustion products. Centrifuging would not break the emulsion into its oil and aqueous phases, but upon standing, small globules of the aqueous phase separated. This allowed the extraction of a small amount of the aqueous component. Table 3 gives a summary of the analysis of the aqueous blowby component and the exhaust gas condensate. The pH measurements were made with a L&N model 7415 pH meter equipped with a micro dual-electrode sensor.
Formaldehyde was analyzed by a colorimetric method (1W), and formate, nitrate, chloride and sulfate ions were determined by ion chromatography. In addition to these anions, X-ray fluorescence showed that the condensate contained traces (<25 ppm) of iron, calcium, and zinc.
D. Wear Metals in Oil
Several oil samples were withdrawn from the engine for wear metals analysis by X-ray fluorescence. (7) It was found in previous test programs that the buildup of iron in the oil was the most sensitive and accurate method of gauging the engine wear. Figure 3 shows the buildup of iron in the oil for the 20-hour nitrogen-free engine test. In addition to iron, the analysis also included copper, chromium, lead, and aluminum. However, the concentrations of these metals were found to be below the minimum detection limits which were 10, 15, 60, and 250 ppm, respectively, for copper, chromium, lead, and aluminum. In Figure 4 , the total buildup of iron (117 ppm) in the nitrogen-free test is compared with the results of several other engine tests in which air was used as the working fluid. It is clear that the iron content of the oil in the nitrogen-free test falls well within the error band of previous tests.
E. Lubricant Analysis
The oil analysis consisted of viscosity, total acid number (TAN), total base number (TBN), and water content. The viscosity was measured before and after the test by the D 445 ASTM Method. TAN and TBN were determined by D 664 ASTM Method, and the water content was measured by titration with Karl
Fischer reagent.
The test results are compared in Table 4 with typical lubricant analyses of the same oil used in previous engine tests using neat methanol as the fuel and air as the working fluid. Total Base Number (N) 9.7 9.7
Total Base Number (U) 5. Throughout the engine test, the engine performed favorably. As compared with the baseline tests, the engine load was approximately 15 percent low and the fuel consumption was approximately 5 percent higher than normal. No attempt was made to increase the load because that would have required an increase in the flow of nitrogen-free oxidizer. This observed reduction in thermodynamic efficiency was expected because the average specific heat ratio for the nitrogen-free working fluid was lower than that of air.
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Slightly higher temperatures found in the exhaust gas and the coolant leaving the engine also gave an indication that the thermodynamic efficiency was reduced.
The emissions measurements showed that the concentrations of oxygen (ca. 1 percent), carbon monoxide (ca. 2 percent) and unburned fuel (ca. 500 ppm) in the exhaust were the same as those measured in baseline tests with air. (9) This was a good indicition that the combustion efficiency in the nitrogen-free test was the same as that observed in the baseline test.
Periodic analysis of the inlet and exhaust gases showed that composition was reasonably constant throughout the 20-hour test and that contamination due to air leaks in the system was negligible. The nitrogen in the exhaust gas was slightly higher (about 3500 ppm) than that of the inlet gas (1000 ppm),
indicating that some leakage occurred. This air entrainment most probably occurred at the seals between the cylinder head, manifold, and carburetor.
Shortly after the test conditions were stabilized, the throttle shaft was sealed with a flexible silicone rubber resin, and a shroud purged with carbon dioxide was placed around the carburetor. The small nitrogen leak was of little consequence because emissions analysis showed only trace amounts of NO (about I ppm).
x
The exhaust condensate had a pH of 3.9 and contained about 100 ppm nitrate ion, 56 ppm formate ion, 2 ppm chloride ion, and 300 ppm sulfate. A pH of 3.9 can be achieved by dissolving only 5 ppm of formic acid in water. The actual concentrations of anions detected in the condensate indicate a much lower pH. It appears that the observed pH is due to the presence of cations (iron, calcium, and zinc) in the condensate.
The iron is expected in the condensate because it is a product of the cylinder bore and ring wear. Calcium, zinc, and sulfur are released in the combustion of additives in the lubricant. The formate and chloride ions are derived from the combustion of the fuel. Nitrate appears to be formed from the oxidation of traces of nitrogen in the system as well as organically bound nitrogen in the lubricant. It is not surprising that some nitric acid was found since the accumulation time for the condensate sample was 14
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hours. Condensate samples obtained by Ernst, et al. (7) were generated in less than an hour using air as the working fluid and had acid concentrations that were more than a hundred times greater than that observed in the nitrogen-free experiment. 0
The blowby condensate was a highly viscous emulsion of an aqueous phase and the lubricant. Upon standing, small globules of the aqueous phase separated from the emulsion. Otherwise, the emulsion appeared tc be very stable be- 
